1.. Introduction {#s1}
================

The liver plays an important role in the regulation of glycogen storage, synthesis of protein, and detoxification of various metabolites. Liver failure affects brain function and can lead to neurological and psychological changes, referred to as hepatic encephalopathy (HE). Malfunction of the liver can lead to accumulation of toxic substances such as bilirubin, urea, and ammonium in the blood [@b1],[@b2]. Liver failure, hepatitis, cirrhosis, or bile duct obstruction are major factors in HE [@b3].

The clinical symptoms of HE depend on the rate at which liver dysfunction occurs and also the degree of metabolic disorders [@b4]. As the disease progresses, motor function and mental abilities become impaired. Patients show a reduced ability in terms of attention, learning, memory, and cognition, and may also suffer from motion and visual perception impairment [@b5],[@b6]. These changes affect the quality of life in patients with HE and can lead to impairment in performing daily activities [@b7].

Hyperammonemia is a major factor in the pathogenesis of HE [@b8]. Toxins such as ammonia can enter the nervous system. The only way to detoxify ammonia is its conversion to glutamine, and the enzymes of this process can be found only in astrocytes. Product glutamine is transferred to neurons [@b9]. Increase in glutamate in the brain is characteristic of HE [@b10],[@b11].

Furthermore, blocking the flow of bile from the liver to the intestine is associated with profound metabolic changes, including changes in the mitochondrial functions, reduction in fatty acid oxidation, and increases in the concentration of hydrophobic bile acids in the liver and plasma. These factors eventually cause an inflammatory response associated with the death of hepatocytes or cirrhosis [@b12],[@b13]. Thus, bile flow obstruction can cause liver failure and, subsequently, HE [@b3]. By changing the metabolism of neurotransmitters and induction of neurotoxicity, ammonia plays a major role in the development of HE [@b14].

Previous scientific reports have shown that hyper-ammonia with bile duct ligation (BDL) can lead to intense activity of glial cells in the cerebellum and some areas of the hippocampus [@b15]. Activation of microglia is associated with the release of inflammatory factors and an increase in the concentrations of pro-inflammatory cytokines in the brain, followed by the severe swelling of astrocytes and brain edema which refers to HE [@b16],[@b17]. Different agents such as EPO [@b18] and pioglitazone [@b19] are effective against neuronal impairments observed in BDL rats. Interestingly, macrophages expressing EPO receptors and EPO have been reported to suppress inflammatory macrophage activation [@b20]. EPO is a neuroprotective agent acting by the inhibition of neuronal apoptosis and reduction of neuroinflammation [@b21].

In our previous studies, we found that BDL rats manifest motor and spatial learning and memory impairments, and chronic treatment with EPO alleviates these impairments [@b18]. In the present study, the effect of EPO on neuronal degeneration and astrocyte and microglia activity was evaluated in the CA1 subfield of the hippocampus and cerebellum of male rats following common BDL.

2.. Materials and methods {#s2}
=========================

In the present study, male Wistar rats (n = 40, 2 months old, 250--280 g) were used. The handling and care of the animals were conducted according to the National Guidelines on Animal Care and was approved by the Ethics Committee of the Kerman University of Medical Sciences (Ethics Code: IR.KMU.REC.1396.1140.). Animals were kept under standard conditions; room temperature was controlled (20 ± 2 °C) and a 12h on-off light-dark cycle was maintained with free access to water and food. The rats were randomly divided into four groups consisting of 10 animals in each group (sham surgery, sham surgery + EPO, BDL surgery, and BDL surgery + EPO). EPO was prepared from Pooyesh Darou Product Company and intraperitoneally administered every other day (5,000 U/Kg) \[i.p.\] in the final four weeks after BDL [@b18].

Sham and BDL surgery groups received saline intraperitoneally in the same volume and based on the time schedule considered for EPO groups. All experimental studies were performed in a blind manner.

2.1.. BDL procedure {#s2a}
-------------------

Rats were anaesthetized (ketamine 90 mg/kg, xylazine 12 mg/kg, i.p.). A middle abdominal incision was performed. Then, after cutting the fascia and muscles, the common bile duct was ligated with a 4--0 silk suture at two points posterior to the hilum of the liver and anterior to the pancreas. The abdominal incision was closed in two layers. In sham animals, the common bile duct was manipulated but not ligated. All animals were maintained for six weeks following the surgery [@b4],[@b22]. The mortality rate was 20% in the BDL group and 5% in the BDL surgery + EPO, and new animals were replaced.

2.2.. Biochemical and cytological parameters {#s2b}
--------------------------------------------

Animals were sacrificed under deep anesthesia at the end of the sixth week of surgery and blood samples were collected by carotid bleeding. The following parameters were biochemically assayed in the plasma separated from blood samples: total bilirubin (Sigma, MAK126), alkaline phosphatase (ALP) (Sigma, APF), Aspartate transaminase (AST) (Sigma, MAK055) and hepatic albumin (Sigma, MAK124) using a commercially available kit. In addition, cytological parameters, consisting of red blood cells (RBCs) and hemoglobin were evaluated [@b23],[@b24].

2.3.. Tissue preparation {#s2c}
------------------------

Animals were sacrificed under deep anesthesia six weeks after BDL and their brain was removed and dissected into hippocampal and cerebellum blocks. The brains were fixed in a 10% formalin solution for 48 h and processed for histological and immunohistochemistry (IHC) analysis.

2.4.. Nissl staining {#s2d}
--------------------

To assess the morphology of hippocampus and cerebellum neurons, the Nissl staining method was employed. Coronal sections (8 µm) were cut from the hippocampus and cerebellum using a rotary microtome. Briefly, sections were deparaffinized through xylene and alcohols into tap water, stained in 0.1% cresyl violet solution for 5 min, dehydrated in 100% alcohol, and then cleared in xylene. Pyramidal neurons of the CA1 sector of the hippocampus and Purkinje cells of the cerebellum were manually counted in three microscopic fields (0.107 mm^2^; 89.82 × 120.70 µm) of the Nissl stained sections from the hippocampus and cerebellum. Results are expressed as the average number of cells/0.1 mm^2^.

2.5.. Immunohistochemistry {#s2e}
--------------------------

Astrocyte glial fibrillary acidic protein (GFAP) and microglia (CD11) were counted in order to evaluate astrocyte and microglial activity. The sections were immunostained using the polyclonal primary antibody for GFAP (1:400) (PA1239) or CD11 (1:500) (DB Biotech).

The sections were deparaffinized in xylene, hydrated through a graded ethanol series, and washed in running water. After antigen retrieval, the sections were incubated with rabbit primary antibody GFAP [@b25] and mouse primary antibody CD11 [@b26] overnight at 4 °C. Afterwards, the sections were rinsed for 10 min with phosphate buffer solution (PBS) and incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse antibodies (Santa Cruz Biotechnology, Inc., USA) at the dilution of 1:200 for 1 h at room temperature. After washing in PBS, peroxidase activity was detected with 3, 3-diaminobenzidine (DAB, Abcam, UK) as the chromogenic substrate. The sections were counterstained with he-matoxylin (Sigma-Aldrich, USA), dehydrated in an increasing alcohol series, cleared in xylene, and finally mounted on Entellan® (Merck, Germany). Astrocytes showing GFAP and CD11^+^ cells were manually counted in three microscopic fields (0.107 mm^2^; 89.82 × 120.70 µm) of the immunohistochemically stained sections from the cerebellum and hippocampus. Results are expressed as the average number of cells/0.1 mm^2^.

2.6.. Statistical analyses {#s2f}
--------------------------

All statistical analyses were performed using SPSS (v.22). All data were calculated for normality using the Kolmogorov-Smirnov test. Results were normally distributed (*p* \< 0.05 in K-S test), and therefore expressed as the mean ± SEM and analyzed using one-way ANOVA. Tukey\'s post-hoc analysis was used for the analysis of data, and *p* \< 0.05 was considered as the significance level.

3.. Results {#s3}
===========

3.1.. Effects of BDL and EPO on biochemical and cytological parameters {#s3a}
----------------------------------------------------------------------

The levels of biochemical and cytological parameters were elevated as a result of BDL surgery after six weeks. Based on our data, BDL induction resulted in a significant increase (*p* \< 0.05) in ALP and ALT levels and the administration of EPO counteracted these effects. Total bilirubin levels were elevated in BDL animals and were not affected by EPO administration, either in sham or in BDL animals. EPO administration increased the number of RBCs in sham and BDL groups. There was no significant change in the level of hemoglobin across groups. The level of albumin markedly increased in the BDL rats with the EPO treatment compared to BDL ([Table 1](#neurosci-06-02-043-t01){ref-type="table"}).

3.2.. Effect of BDL and EPO on neuronal degeneration {#s3b}
----------------------------------------------------

Nissl staining was performed to determine neuronal degeneration. Results showed that BDL significantly increased the number of degenerated neurons in the hippocampus ([Figure 1A](#neurosci-06-02-043-g001){ref-type="fig"}) and cerebellum ([Figure 1B](#neurosci-06-02-043-g001){ref-type="fig"}) compared to the shams group. Treatment with EPO significantly decreased BDL-induced neurodegeneration.

###### The effects of BDL and EPO treatment on hepatic enzymes, albumin, bilirubin total, hemoglobin, and RBCs.

  Groups          AST (U/l)        ALP (U/l)      Albumin (g/dl)    Bilirubin total (mg/dl)   RBC (number × 106 ul)    Hb (g/dl)
  ------------ ---------------- ---------------- ----------------- ------------------------- ----------------------- -------------
  Sham            598 ± 88.7       416 ± 7.23       3.40 ± 0.3             0.4 ± 0.1               5.53 ± 0.07        11.5 ± 0.3
  BDL           1138 ± 24.99\*    613 ± 5.69\*     1.90 ± 0.06\*         8.5 ± 0.26\*              4.5 ± 0.21         10.6 ± 0.33
  Sham + EPO    481 ± 5.11^\$^   329 ± 3.79^\$^   3.97 ± 0.08^\$^       0.76 ± 0.02^\$^          9.66 ± 0.27^\$^      13.7 ± 0.31
  BDL + EPO     845 ± 8.41^\#^   531 ± 4.77^\#^   3.06 ± 0.04^\#^         9.4 ± 0.29               6.5 ± 0.16         11.8 ± 0.07

Note: BDL significantly increased the level of AST and ALP. The level of total bilirubin was significantly increased in BDL rats. Albumin level was decreased in BDL and BDL+EPO rats. Moreover, EPO treatment reduced AST and ALP levels. BDL did not significantly change the RBC parameters, although EPO increased these parameters. \**p* \< 0.05, compared with the sham; \$ and \# *p* \< 0.05, compared with the BDL.

![The effects of BDL and EPO treatment on neuronal injury induced by BDL in male rats. Representative photomicrographs showing cerebellar architecture (A) and hippocampus (B) in male rats in different groups: **(a)** sham, **(b)** BDL, **(c)** sham + EPO, **(d)** BDL + EPO. BDL induced insults to cerebellar Purkinje and hippocampal pyramidal neurons and the administration of EPO ameliorated the detrimental effects in treated animals. The figure shows the quantitative analysis of and hippocampal pyramidal neurons cerebellar Purkinje in different groups. Data are the mean ± SEM. \**p* \< 0.001 compared with the sham group; \# and \$ *p* \< 0.001 compared with BDL (one-way ANOVA with Tukey\'s post-hoc test for all comparisons).](neurosci-06-02-043-g001){#neurosci-06-02-043-g001}

3.3.. Effect of BDL and EPO on glial cells {#s3c}
------------------------------------------

Differences in the number of GFAP^+^ and CD11^+^ cells between the different groups in the hippocampus and cerebellum were analyzed using one-way ANOVA. Results demonstrated that the number of GFAP^+^ cells in the BDL group was significantly higher than the sham and sham + EPO groups (*p* \< 0.001) in the hippocampus ([Figure 2A](#neurosci-06-02-043-g002){ref-type="fig"}) and cerebellum ([Figure 2B](#neurosci-06-02-043-g002){ref-type="fig"}), whereas EPO treatment significantly decreased cell number in the treated group (*p* \< 0.01).

In addition, the data demonstrated that the number of CD11^+^ cells was significantly higher in the BDL than sham and sham + EPO (*p* \< 0.001) groups, whereas cell number was significantly decreased in the EPO treated group (*p* \< 0.01, [Figure 3A](#neurosci-06-02-043-g003){ref-type="fig"} and [3B](#neurosci-06-02-043-g003){ref-type="fig"}).

![The effect of BDL and EPO treatment on the number of GFAP^+^ cells in the hippocampus (A) and cerebellum (B) of rats. Representative photomicrographs showing GFAP^+^ cell morphology after staining using antibodies against GFAP in different groups of rats: **(a)** sham, **(b)** BDL, **(c)** sham + EPO, **(d)** BDL + EPO. Nuclei were stained with hematoxylin (blue). Magnification 400×. The graph shows the quantitative analysis of GFAP^+^ cells in the hippocampus and cerebellum of rats in different groups. Data are the mean ± SEM. \**p* \< 0.001 compared with the sham group; \# and \$ (*p* \< 0.001 and 0.1, respectively) compared with BDL (one-way ANOVA with Tukey\'s post-hoc test for all comparisons).](neurosci-06-02-043-g002){#neurosci-06-02-043-g002}

![The effect of BDL and EPO treatment on the densitometry of CD11^+^ cells in the (A) hippocampus and cerebellum (B) of rats. Representative photomicrographs showing CD11^+^ cell morphology after staining using antibodies against CD11 in different groups of rats: **(a)** sham, **(b)** BDL, **(c)** sham + EPO, **(d)** BDL + EPO. Nuclei were stained with hematoxylin (blue). Magnification 400×. The graph shows the quantitative analysis of CD11^+^ cells of hippocampus and cerebellum in different groups. Data are the mean ± SEM. \**p* \< 0.01 compared with the sham group; \# and \$ *p* \< 0.01 compared with BDL (one-way ANOVA with Tukey\'s post-hoc test for all comparisons).](neurosci-06-02-043-g003){#neurosci-06-02-043-g003}

4.. Discussion {#s4}
==============

Previous studies have demonstrated deficits in motor and cognitive in both clinical and animal experiments of HE following BDL [@b18],[@b27],[@b28]. Previously, the possible effect of EPO as a potent neuroprotective agent on motor and cognitive impairments induced by HE were also identified. In the present study, the effects of EPO on the neuronal degeneration and astrocyte and microglia activity of male rats following BDL were investigated. Deficits in liver function and neuronal degeneration were observed in rats following BDL as an animal model of HE. EPO had a neuroprotective function against hepatic enzyme impairments and neurodegeneration induced by BDL.

Although the exact mechanisms of impairments are not yet clear, neural apoptosis, oxidative stress, and excitotoxicity have been proposed to underlie these impairments [@b1]. Increased levels of free radicals have been observed in the brain of BDL rats [@b29]. Therefore, finding strategies to decrease these oxidative changes may help reduce the impairments observed in HE.

EPO is responsible for RBC production stimulation in the bone marrow. It has been demonstrated that EPO can be a potent neuroprotective agent [@b1]. BDL is known to induce neural damage through oxidative stress and metabolic imbalance [@b29]. Therefore, it appears that EPO may exert its effect on BDL-induced impairments through these pathways.

In agreement with a previous study, BDL induced a significant increase in the bilirubin level of BDL rats [@b30], and EPO did not alter this biochemical change in the male rats. This may imply that EPO protects neurons from other pathways [@b31]. Additionally, as a result of the present study, BDL-induction resulted in a decrease in albumin, and EPO administration reversed the effect of BDL. Thus, EPO may protect neurons through its albumin increasing activity.

Albumin provides more than 50% of the total antioxidant of the plasma. The activity is attributed to the abundant reduced sulfhydryl groups of albumin that can scavenge a variety of free radicals such as nitric oxide and hypochlorous acid. On the other hand, albumin can bind to unconjugated bilirubin, a potent antioxidant. It is believed that this antioxidant activity is usually assumed to be the mechanism responsible for the potent inverse correlation between plasma unconjugated bilirubin concentration and mortality of many diseases [@b32].

In the present study, the data demonstrated that EPO ameliorates biochemical impairments induced by BDL. Caillaud et al. showed that EPO reduces the systematic oxidative stress in the treated rats [@b33]. Consequently, the possible mechanism of action for EPO may be through its antioxidant properties.

Previous studies have shown that BDL can lead to neuronal degeneration and activation of astrocytes and microglia in the hippocampus and cerebellum [@b21],[@b34]--[@b36]. Several studies have suggested that EPO, as an internal mediator, has significant neuroprotective effects in various disorders of the central nervous system (CNS) [@b37]. It possibly acts as a neuroprotective agent in the treatment of neurodegenerative diseases by modulating inflammatory factors [@b38]--[@b40]. Bond et al. reported that, through the reduction of reactive oxygen species (ROS) levels, EPO inhibits neuroinflammation and neuronal death [@b21].

In this study, the results revealed an increase in GFAP^+^ and CD11^+^ cells in the cerebellum and hippocampus following BDL, and the number of these cells showed more astrocytes compared to microglia cells in these areas. Microglia cells are known as the first line of defense against CNS disorders and injuries, including stroke, brain injury, and spinal cord injury [@b41]. There is extensive evidence that microglia cells have an important role in CNS homeostasis and its related damage. Following damage, microglia cells quickly migrate to the lesion site and prevent long-term lesion progress [@b41]. Activation of microglial cells is an important part of neuroinflammation, widely discussed in HE. Astrocytes are known as key cells in brain damage due to acute liver disease, but there is evidence that microglia cells are equally involved in neuroinflammation as a result of acute liver disease [@b42].

Jayakumar et al. showed that hyperammonemia following HE leads to microglia (mainly in the cerebellum) and brain endothelial cell activation that is associated with the production and release of inflammatory factors as a result of which astrocytic swelling and cerebral edema occurs [@b16].

Bond et al. showed that, through decreasing the level of ROS and reactive nitrogen species, EPO limits the microglia and astrocytes infiltration. On the other hand, EPO can maintain the health of endothelial cells of the blood-brain barrier [@b21].

5.. Conclusion {#s5}
==============

In conclusion, our results demonstrated that EPO administration can reduce cholestasis-induced liver dysfunction. It also reduces neurodegeneration in the hippocampus and cerebellum following BDL. Additionally, EPO modulates the number of GFAP^+^ and CD11^+^ cells in BDL groups. These effects are probably related to the potential anti-oxidant and anti-inflammatory effect of EPO. However, further studies are needed to prove this hypothesis.
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